We show that such sounds produce synchronized action potentials in as many as 20 or more interneurons that mediate feed-forward electrical inhibition of the M-cell. The resulting action currents produce an electrical inhibition that coincides with the electrotonic excitatory drive to the M-cell; the amplitude of the peak of the inhibition is Ϸ40% of that of the excitation. When electrical inhibition is neutralized with an extracellular cathodal current pulse, subthreshold auditory stimuli are converted into ones that produce an M-spike. Because the timing of electrical inhibition is often the same as the latency of M-cell firing in freely swimming fish, we conclude that electrical inhibition participates in regulating the threshold of the acoustic startle-escape behavior. Therefore, a field effect is likely to be essential to the normal functioning of the neural network.
t was recently suggested that electrical field effects may be important in memory consolidation in humans (1) , rekindling interest in the functional importance of this form of intercellular communication that has been identified in various structures and contributes to the propagation of epileptic activity (2) . A field effect occurs when currents associated with an extracellular field (Ve) are channeled across a region of cell membrane. In that case, Ve differs from the intracellular potential (Vi). The difference (Vm ϭ ViϪVe), which is the actual transmembrane potential change, alters impulse or synaptic activity. Because the current exits the cell across a different region of cell membrane, the sign of the field effect depends on the distribution of voltage-dependent and -independent channels and current density (Fig. 1A) .
A neural circuit shown unequivocally to have field effects involves the Mauthner (M)-cell and its synaptic inputs (3) . The bilaterally symmetrical pair of Mauthner neurons processes input from auditory and visual afferents, and a single action potential in one of these cells initiates the C-start escape behavior (4, 5) . The sound-evoked C-start behavior occurs at remarkably short latency, Ϸ12 ms, indicating the neuronal decision-making process is optimized for speed (6) . This property is reflected in the design of the circuit: monosynaptic input from inner ear afferents have mixed electrotonic and chemical excitatory synapses on the M-cell lateral dendrite (7) (8) (9) (10) , and also have electrotonic synapses on interneurons inhibitory to the M-cell (Fig. 1B) (11, 12) . The inhibitory interneurons release glycine and also inhibit the M-cell via a field effect that is generated within a neuropil, called the axon cap, which surrounds the M-cell axon hillock. The axon cap is Ϸ90 m in diameter and is penetrated by the unmyelinated axons of the feed-forward inhibitory neurons (11) (12) (13) . Action potentials in these axons produce a current source in the cap that electrically inhibits the M-cell by hyperpolarizing the site of impulse initiation, the axon hillock (see Fig. 1 A) (14) . Current is channeled intracellularly because of the high extracellular resistivity of the axon cap.
Because electrical inhibition occurs with minimal synaptic delay, it might reduce the temporal difference between the disynaptic inhibitory input to the M-cell and the dominant monosynaptic electrotonic excitation, such that interactions between these two fast inputs would determine the threshold of the M-cell and, thus, of the C-start behavior. To test this hypothesis, we used a naturalistic auditory stimulus, a pip, to simulate a predatory strike (15) and elicit neurophysiological and behavioral responses in goldfish. Pips are abrupt, singlecycle, initially compressing or rarifying sound waves, but the effective sound stimulus lasts longer than one cycle because of reverberation. One advantage of the M-cell system is that neurophysiological and behavioral responses can be correlated (6, (16) (17) . Therefore, by examining the timing and strength of sound-evoked electrical inhibition with respect to the timing of the behavior, we could ascertain its importance in sensorimotor integration. An initial series of experiments were conducted with the fish in air, for comparison with results obtained underwater subsequently.
Results
We recorded sound-evoked activity from the interneurons that electrically inhibit the M-cell. These neurons are known as passive hyperpolarizing potential (PHP) cells because they have a characteristic electrophysiological signature evident with differential recording, namely a negative transient that is simultaneous with the antidromic M-spike (14) . It is called a PHP because it is a sign of reciprocal electrical inhibition mediated by the M-cell's action currents, which are also directed intracellularly by the highresistance axon cap. The intracellular transient (Vi) is larger than the corresponding extracellular field (Ve) recorded just outside of the PHP cell in the periphery of the axon cap, and thus the net transmembrane potential change (Vm) is a hyperpolarization (Fig.  2A1 and A2 ). Note that Vi and Ve are recorded monopolarly with respect to a distant reference electrode.
The identified cells had a transmembrane PHP amplitude (mean Ϯ SEM) of Ϫ1.19 Ϯ 0.27 mV (n ϭ 9), consistent with earlier reports (11) , and were responsive to sound. The pip stimulus elicited action potentials in all these neurons with an average latency, from stimulus onset, of 1.31 Ϯ 0.03 ms (Fig.  2 A3) . These neurons either responded with single action potentials or bursts of 2 to 3, with an inter-spike interval of 2.16 Ϯ 0.32 ms. The mean utilization time in the PHP cell was estimated by computing the first derivative of the response and measuring the duration from onset to the second inflection point, which signals the timing of spike initiation [supporting information (SI) Fig.  S1 ]. The mean utilization time averaged 210 Ϯ 29 s, suggesting that the PHP cell reaches threshold during the rising phase of its initial sound-evoked electrotonic excitatory postsynaptic potential (EPSP).
The electrical inhibition mediated by a population of PHP cells is signaled by an extracellular positivity in the M-cell axon cap that is much smaller or undetectable when recorded intracellularly in the M-cell (3). Thus, the net transmembrane potential change is, once more, a hyperpolarization (see Fig. 1 A) . This positive field is referred to as the extrinsic hyperpolarizing potential (EHP). Recordings with an extracellular electrode in the axon cap ( Fig. 2 B1 and B3, Top) revealed that sound evoked an EHP at a mean latency of 1.31 Ϯ 0.04 ms (n ϭ 14 experiments). This mean latency did not differ significantly from that of PHP cell activation (two-tailed student's t test; P ϭ 0.99), suggesting action currents in these interneurons generate the EHP. The first EHP peak had a mean amplitude of 1.13 Ϯ 0.16 mV, implying that between three and six individual PHP cells were synchronously activated [200-400 V per interneuron (14) ]. The EHP decayed over a few milliseconds, perhaps suggesting asynchrony of later spikes in the PHP cell bursts.
We compared the timing and amplitude of the EHP generated by the PHP cells and the sound-evoked PSP in the M-cell. For this purpose, we differentially recorded between the axon cap (Ve) and M-cell soma (Vi) (n ϭ 8) (see Fig. 2B1 ). As with the recordings from the PHP cells, the estimated transmembrane potential change at the M-cell axon hillock is the difference between Vi and Ve. Note, however, that these calculations are only approximate, because the extracellular electrode is in the center of the axon cap but the intracellular one is in the soma; however, calculations (18) indicate that the axial voltage drop is minimal. Fig. 2B2 illustrates this for the antidromic M-spike: its transmembrane potential is greater than the potential monopolarly recorded in the soma. In contrast, the sound-evoked PSP is opposed by the EHP and, therefore, its transmembrane amplitude is smaller than the potential monopolarly recorded in the soma (see Fig. 2B3 , Bottom).
The latency of the sound-evoked PSP averaged 1.37 Ϯ 0.04 ms, similar to that of the EHP (two-tailed student's t-tests; P ϭ 0.38), indicating that electrical inhibition is fast enough to counteract the initial sound-evoked electrotonic excitation of the M-cell (19) . Comparing PSP amplitude with the size of the actual transmembrane potential change (Vm) demonstrates that the EHP reduces the peak amplitude of the initial electrotonic component of the PSP by 29.23 Ϯ 6.2%. To confirm that the initial electrotonic component is inhibited exclusively by electrical inhibition, we also characterized sound-evoked chemical inhibition. In accord with the established synaptic delay between PHP cells and the M-cell (12), the sound-evoked inhibitory postsynaptic potential (IPSP) occurred Ϸ0.5 to 1 ms after EHP onset (see SI Text) and did not affect the rise of the initial electrotonic component in the M-cell (Fig. S2) .
Having shown that the pip-evoked EHP is short-latency and coincides with the initial electrotonic excitation of the M-cell, we next asked if that EHP actually influenced M-cell threshold for firing in response to sound. Electrical inhibition can be mimicked (3) or overridden by applying anodal or cathodal current, respectively, in the axon cap. Our strategy was to override the EHP in a situation where the sound-evoked PSP in the M-cell was near threshold. For this purpose, two extracellular electrodes were located near the center of the axon cap within Ϸ50 m of each other, (Fig. 3A) , as judged from the size of the M-cell antidromic field [Ͼ 10 mV (20)]. Then, the pip-evoked EHPs recorded with them were essentially the same (Fig. 3B) . In three experiments, electrode positioning was also confirmed by measuring transfer resistance as the second electrode was systematically moved away from the cap. Consistent with an anatomical barrier, the extracellular resistivity, 81.62 Ϯ 15.91 ⍀m, decreased 83.44 Ϯ 3.7% when the estimated inter-electrode distance exceeded Ϸ90 m (Fig. S3) .
To bring the PSP closer to threshold, the sound intensity was increased and M-cell excitability was enhanced by reducing the brain temperature from 15 to 8°C, which increases input resistance and reduces attenuation of the sound-evoked PSP from the dendrite to the soma (6), and may also lower the threshold of the M-cell. In this condition, the M-cell fired an action potential following a pip in Ͻ1% of the trials, whereas at 15°C suprathreshold responses were absent. In 9 of 12 of these trials, the M-spike occurred during the EHP (Fig. 3C) , and in 3 of the trials the M-cell reached threshold during the rising phases of both the initial electrotonic fast EPSP and EHP. In these three trials, the M-cell's utilization time was Ϸ400 s.
With both electrodes positioned in the cap close to the axon hillock, and the sound-evoked response close to threshold, an 8-to 9-ms rectangular current pulse was adjusted so that it produced a field similar in amplitude and opposite in polarity to the peak of the pip-evoked EHP (Fig. 3D) . To prevent the capacitive artifact from obscuring the response, the pulse onset preceded the EHP by 3 to 4 ms. When the two opposing fields were paired, effectively overriding the EHP, a single M-spike could occur during the same time interval (see Fig. 3D ), indicating that indeed, the EHP prevents the EPSP from reaching threshold. The timing of the M-spike depends on PSP and EHP amplitude. We observed that the mean M-spike latency, relative to EHP onset in those instances, was 1.00 Ϯ 0.20 ms (n ϭ 8), indicating that the cell usually reached threshold during the EHP's rising phase. The M-spike never occurred before the EHP, but in some trials the cathodal current pulse elicited an M-spike after the EHP, suggesting the applied excitatory currents could also summate with the later components of the M-cell EPSP. The mean amplitude of the extracellular negative potential sufficient to unblock generation of a pip-evoked M-spike during the EHP was 5.39 Ϯ 0.81 mV, similar to that of the mean EHP peak amplitude, 4.77 Ϯ 0.24 mV, indicating that the EPSP would be near threshold in isolation. For comparison, the magnitude of the threshold field potential generated by the current pulse in the absence of sound averaged 12.52 Ϯ 2.76 mV (n ϭ 6), indicating that the sound-evoked electrical inhibition is Ϸ40% the size of the excitatory input that, in the absence of inhibition, fires the M-cell.
To confirm that the cathodal stimulus pulse was eliciting an M-spike by neutralizing the EHP, we made dual extra-and intracellular recordings from the axon cap and soma, respectively. When a pip stimulus was paired with an extracellular cathodal pulse, as before, an M-spike was elicited during the EHP (Fig. 3E) . Comparison of the waveforms of PSPs recorded intracellularly (Vi) in the presence and absence of the applied current indicated that their time courses were similar, confirming that the pulse does not act by modifying active membrane properties, at least not at the strengths used here. Note that there is minimal sign of the pulse recorded intracellularly, indicating that most of the applied extracellular field depolarizes the M-cell axon hillock. This result suggests the contribution of currents originating from PHP neurons to Vi is relatively small because the resistance of the M-cell somatic membrane is less than the series resistance of the axon hillock membrane into the soma. Furthermore, because Vi could be large relative to Ve during the late (5-10 ms) components of the sound-evoked response in the M-cell (see Fig. 2B3 ), currents originating from the M-cell contribute little to Ve in the axon cap. This is because the resistance of the axon hillock membrane is large relative to the extracellular resistivity in the axon cap (18) . Therefore, Vi recorded in the M-cell and Ve recorded in the axon cap serve as good estimates of the EPSP and EHP, respectively.
Based on the preceding results, sound-evoked EHPs can be expected to participate in regulation of the behavioral threshold of the C-start in a free-swimming fish, if the M-spike indeed occurs during the same time interval. To further assess this possibility, we compared the timing of electrical inhibition elicited in the axon cap of a submerged curarized goldfish by underwater sound stimulation with that of C-starts triggered by the same sound. Stimulating the submerged fish more closely matches the behavioral situation in unrestrained fish and activates additional sensory end-organs, including lateral line neuromasts. Mean EHP latency underwater at 18°C, 1.16 Ϯ 0.01 ms (n ϭ 16 sweeps) (Fig. 4A) , was similar to that of the EHP evoked in air at 15°C, despite the Ͼ100-fold increase in stimulus intensity. We next compared EHP timing with that of C-start latency, as measured with chronic underwater recording and high-speed video, respectively. At 18°C, C-start latency was 12.20 Ϯ 0.35 ms after sound onset (n ϭ 80 escapes, 26 fish). C-start latency can be used to predict the timing of the M-spike by subtracting conduction time in the M-axon, the time to excite motoneurons and muscle fibers, and the time to movement onset (4, 6, (21) (22) . Consistent with these individual measurements, our chronic recordings from the M-axon at 18°C revealed that the M-spike occurs 8.13 Ϯ 0.17 ms before C-start onset (23) . As shown in Fig. 4A , the estimated latency distribution of the M-spike coincides with the time window in which the EHP occurs, although it is much broader. The trials in which the calculated M-spike latency appears shorter than that of the EHP presumably reflect measurement error, as the maximum resolution of the high-speed video records was Ϯ 1 ms.
Discussion
Given that, near threshold, the magnitude of sound-evoked electrical inhibition is Ϸ40% that of the excitatory drive to the M-cell, and that the timing of this inhibition overlaps the latency of M-cell firing in freely swimming fish, we conclude that it participates in regulating behavioral threshold. Hence, a field effect interaction is involved in the normal functioning of this neural network. The electrical inhibition is required to effectively oppose the fast monosynaptic electrotonic EPSP (Fig. 4B) . This, perhaps, preserves functionality while minimizing escape latency, because the PHP neurons have been proposed to play a computational role in identifying salient stimulus features and in determining sound source location by performing a phase comparison between the pressure and particle motion components of sound (24) (25) (26) (27) . This comparison is critical because predators attack using either abrupt striking or sucking (15) .
One possible computational scenario, indicated by electrical stimulation experiments (28) , is that inhibition of the M-cell dominates excitation at low sound intensities but is overcome at larger intensities. In accord with this notion, in the restrained animal in air the threshold of the PHP neurons to sound stimuli was lower than that of the M-cell. This input-output relationship results in a strong feed-forward inhibitory drive that can powerfully influence which M-cell is activated, and act to assure that the C-start occurs infrequently and in response to high intensity stimuli (6, 16, 26) .
The infrequency of pip-evoked M-spikes in air could be because of stimulus intensity, as the pips were on the low end of the intensity range sufficient to elicit C-start escapes underwater (29) . In addition, in air, the particle motion component of sound does not activate hair cells in the statoacoustic end-organs. This may decrease the excitatory drive to the M-cell, or perhaps increase the inhibitory drive by lowering the threshold of PHP neuron activation. A further possibility is that when the fish is removed from water or restrained, tonic inhibition of the M-cell (30) is increased.
The sound-evoked M-spike can occur during electrical inhibition, or later during chemical inhibition (see Fig. 4 ). Presumably, the purpose of chemical inhibition is to maintain a balance of excitation and inhibition. An advantage of this arrangement is that the behavioral threshold and timing can dynamically adapt to environmental conditions, as both electrical and chemical excitation and inhibition exhibit activity-dependent plasticity (16, (31) (32) (33) (34) . Notably, this computation requires that the temporal differences between excitation and inhibition are small, which contrasts with computations in other neural circuits, such as the crayfish lateral giant neuron (35) and fast-spiking inhibitory neurons in the cortex (36) , for example, where sensory-evoked inhibition is delayed with respect to excitation and presumably functions by reducing the duration of the integration window.
Demonstrating a role of electrical inhibition in the M-cell system lends support to hypotheses that assign function to other field effects. For example, in the cerebellar cortex, the pinceau of the Purkinje cell has the structural features of an inhibitory electrical synapse (37) and supports electrical inhibition mediated by action currents in axon terminals of basket cells (38) . Perhaps this electrical inhibition could permit a coincident onset of the monosynaptic, chemically mediated excitation and the disynaptic inhibition mediated by the parallel fibers that chemically excite the basket cells (39) . At the molecular level, interaction of fields with transmitter molecules have been shown to alter kinetics of synaptic responses and presumably to influence synaptic integration (40) . Finally, endogenous field oscillations, such as those in the gamma frequency, may mediate field effects throughout the mammalian brain. In hippocampal slices, these oscillations have been shown to influence spike timing (41) and to entrain oscillating networks of neurons (42) at intensities known to occur in vivo (43) , which may be a critical component of neural computations (44) .
Materials and Methods
Adult goldfish, 5 to 20 cm in body length, were maintained as described previously (6) . Animal maintenance and experiments followed the guidelines and were done in accordance with the policies and guidelines of the Albert Einstein College of Medicine Institutional Animal Care and Use Committee. cranium was filled with saline and mineral oil, and dental cement and cyanoacrylate were used to seal the craniotomy and fix the electrodes position.
Acoustic Stimulation. Sound pips were generated as either initially compressing or rarefying single cycles of a 200-Hz sound wave. A comparison of synaptic responses elicited by initially compressing and rarefying pips in the M-cell has been previously described; in one experiment the responses evoked by initially compressing stimuli were larger but no statistically significant differences were noted (26) . The sounds were amplified (Servo 120; Samson) and produced by a studio monitor (JBL Pro 4410) situated in the far field Ϸ2.1 m from the head of the fish, and a closer second speaker (SA-WM250, Sony) Ϸ0.5 m from the fish in a room with acoustic foam on the walls to reduce sound reverberation. The stimulus was calibrated in air with a microphone (Model 4190 Free-field [1/2], Brü el & Kjaer) located in the position of the fish, near the swim bladder. The microphone recordings indicated that the sound frequency increased after the pip because of sound reverberation, (i.e., after the cellular response). Data were recorded online with a Macintosh G4 using acquisition software developed in the laboratory for Igor Pro (Wavemetrics) and analyzed with the same software and Labview 7 (National Instruments).
Underwater Behavior and Recordings. The circular experimental aquarium had a diameter of 76 cm and a water depth of 28 cm. The experimental setup has been previously described in detail (6) . Water temperature was maintained at 18°C. C-starts were elicited with computer-generated sounds played through one of two underwater loud speakers (UW-30; University Sound) at the outer circumference of the tank. Sound pips were generated as a single cycle of a 200-Hz sound wave. The auditory stimulus was recorded with a hydrophone (SQ01; Sensor Technology). The stimulus amplitude and the time intervals between trials varied from 130 to 170 dB re: 1 Pa and 2 to 20 min, respectively. Vintral views of freely swimming fish were recorded at 1,000 frames per second and at a spatial resolution of 512 by 384 pixels through a mirror at 45°below the tank, using two high-speed video cameras (Kodak Extapro 1000 HRC; Eastman Kodak). For underwater recordings from the axon cap, a curarized fish was kept upright at a depth of 15 to 20 cm in the center of the tank by floats and weights. The fish was positioned in the middle of the tank, parallel to both speakers, and continuously respirated with oxygenated conditioned water. Extracellular responses were amplified with a four-channel differential AC amplifier (Model 1700, A-M Systems) and band pass filtered from 10 Hz to 20 kHz.
Data Analysis. Calculations of extracellular resistivity, , were made by measuring the transfer resistance (R ϭ Vpulse/Ipulse) between the stimulating and recording electrode as inter-electrode distance (r) was increased by moving the recording electrode in 10-and 20-m increments. Assuming a spherical voltage source and a constant between two measurement sites, 1 and 2, was calculated as ϭ 4(R1ϪR2)/[(1/r1)Ϫ(1/r2)]. We also estimated the transfer voltage V(r), from the relation above, as V(r) ϭ ͐ r ϱ (I(r))/(4 r 2 )dr using hypothetical spatial profiles of extracellular resistivity (r) (see Fig. S3 ) (46) .
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